Blueshift of bandgap energy and reduction of non-radiative defect density due to precise control of InAs-on-GaSb interface in type-II InAs/GaSb superlattice J. Appl. Phys. 110, 123103 (2011) We performed pseudopotential based density functional theory (DFT) calculations for GaSb/InAs type II superlattices (T2SLs), with bandgap errors from the local density approximation mitigated by applying an empirical method to correct the bulk bandgaps. Specifically, this work (1) compared the calculated bandgaps with experimental data and non-self-consistent atomistic methods; (2) calculated the T2SL band structures with varying structural parameters; (3) investigated the interfacial effects associated with the no-common-atom heterostructure; and (4) studied the strain effect due to lattice mismatch between the two components. This work demonstrates the feasibility of applying the DFT method to more exotic heterostructures and defect problems related to this material system. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
The electronic structures of GaSb/InAs type II superlattices (T2SLs) were first studied theoretically in the1970s. 1, 2 Since then, a number of theoretical studies have been performed on various aspects of the T2SL-most were related to its applications in IR detection. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] This material system has been shown to be one of the most promising alternatives to the more technically developed HgCdTe, especially for mid-and long-wave IR detection. 17 More recently, GaSb/ InAs double-heterostructures have been proposed and explored for other fundamental interests in physics, such as Bose-Einstein condensation of excitons 18 and the quantum spin Hall effect. 19 An intriguing and important aspect of GaSb/InAs lies in its extreme type-II energy alignment, namely, the conduction band minimum (CBM) of InAs is lower than the valence band maximum (VBM) of GaSb. In principle, this allows one to achieve any desirable long wave IR bandgap for IR detection, and even a negative bandgap for more exotic physics by adjusting the superlattice layer widths. The electronic structures of the GaSb/InAs T2SL or heterostructure have mostly been calculated in the framework of kÁp theory that has been widely used for many semiconductor superlattices. 3, 5, 7, 9, 10, 16, 19 A few exceptions exist using atomistic theories: the linear combination of atomic orbitals (LCAO) method, 2 empirical tight binding method (ETBM), 6 ,11 empirical pseudopotential method (EPM), [12] [13] [14] and the atomic orbital potential method with a general gradient approximation (GGA). 15 The empirical methods have been rather successful in predicting SL band gaps and aiding in device design. The kÁp method uses an effective-mass approximation, which makes it insufficient for describing the electronic structure of a very thin superlattice. Another more important issue is that of the non-trivial interface effect in a superlattice with nocommon atom such as GaSb/InAs, which is not accounted for in the conventional kÁp based theory, although some additional terms could be empirically introduced to mitigate the symmetry breaking effects due to the interfaces. 20, 21 The non-self-consistent atomistic methods, for instance EPM, 13, 14 can indeed naturally take into account the interfacial and symmetry breaking effects. However, non-self-consistent methods cannot properly treat more subtle effects, such as charge transfer near the interface, which is expected to be more significant for very thin layers. The attempted use of a self-consistent method 16 encountered the well-known local density approximation (LDA) bandgap error problem, which is more prominent in a type II heterostructure. The widely applied "scissor" correction to the bandgap was found inadequate for generating an accurate bandgap because the bandgap errors were not the same for the two heterostructure components. The density functional theory (DFT), as a self-consistent method, has been a powerful tool for studying the electronic properties of materials. However, it has rarely been used for T2SLs, largely due to the bandgap error with either LDA or GGA, which often results in a negative bandgap instead of a small positive bandgap.
II. BAND-GAP CORRECTION AND COMPUTATIONAL DETAILS
In this work, we implemented an atomistic bandgap correction scheme to correct the LDA band gap error, and therefore were able to predict the electronic structure of the T2SL using the first-principles method, and applied it to further study interfacial effects. The primary aim of this work is to study the electronic structure of the T2SL for IR detection. The method can be applied for other heterostructures as mentioned above. Furthermore, this work establishes a framework for investigating defects in the T2SL using DFT, which was in fact our ultimate goal when initiating this work, and is pertinent for improving the performance of the T2SL IR detector. Our approach can provide the similar or even improved results for GaSb/InAs T2SLs bandgaps when compared with the EPM results and experimental data. Additionally, the strain in the T2SL was calculated and 
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A plane-wave pseudopotential code, PEtot, 23 was used for self-consistent calculations. The d electrons were included in the norm-conserving pseudopotentials of Ga and In atoms, with a kinetic energy cutoff of 60 Ry. A Monkhorst-Pack k-point mesh of 6 Â 6 Â 1 was used. Spin-orbit coupling was included using the PESCAN code. 24 The superlattice structure was fully relaxed in the LDA with the in-plane (x-y) lattice constant kept at the calculated bulk GaSb value of 6.043 Å (experimental value of 6.087 Å ), in order to simulate the growth using GaSb substrate. Whereas the atomic positions and the out-of-plane (z) lattice constant were allowed to vary until the total energy was minimized. The correction to the LDA error was done by introducing empirical corrections to s, p, and d components of atomic pseudopotentials 25 after the self-consistent calculation. The pseudopotential corrections were obtained by adjusting the bulk DFT electronic structures of GaSb and InAs to their experimental values or quasiparticle calculation results when reliable experimental values were not available. This approach has been used successfully in predicting the impurity energy levels and alloy band gaps, typically with an accuracy within a few meV, in various semiconductor systems, such as GaAs:N, 25 GaP:N, 26 GaInP alloy, 27 and GaAs:Bi. 28 For bulk materials in their experimental lattice constants, the band gaps at C, X, and L points after (before) applying the corrections for GaSb and InAs are E gC ¼ 0:810 ðÀ0:168Þ eV, E gX ¼ 1:248 ð0:650Þ eV, E gL ¼ 0:931 ð0:167Þ eV; and E gC ¼ 0:422 ðÀ0:318Þ eV, E gX ¼ 1:986 ð1:454Þ eV, E gL ¼ 1:635 ð0:845Þ eV, respectively.
III. ELECTRONIC STRUCTURES
First, to test the accuracy of our approach for calculating the superlattice band structures, we investigated (GaSb) N / (InAs) 8 with N ¼ 8 to 40, where N is the number of monolayers, and compared these results with experimental data 29, 30 and previous EPM results. 14 A graph comparing the lowest gaps is shown in Fig. 1 ; higher subband transition energies are tabulated in Table I . Apparently, for the fundamental bandgap, our values are closer to the experimental data than the EPM results. Furthermore, our values are slightly higher than the experimental results, which is in fact expected based on two considerations: (1) the inter-layer atomic diffusion tends to lower the bandgap from that predicted assuming abrupt interfaces. A recent X-ray diffraction study has indeed revealed substantial atomic intermixing between layers even in a best available GaSb/InAs T2SL grown by MBE. 22 The impact on the band structure is less severe for the lowest bandgap but likely more significant for higher bandgaps, which may explain the larger deviations in our calculated higher subband energies compared to the experimental data, as shown in Table I . (2) The exciton binding energy has not been included in the calculation, which may also contribute to the deviation, but perhaps to a lower extent. In contrast, the EPM results were already lower than the experimental results before accounting for the above mentioned effects. This comparison indicates that our DFT based approach is capable of predicting a superlattice bandgap with very good accuracy.
Second, we applied this approach to investigate the effects of varying GaSb and InAs layer thickness, respectively, while keeping one component thickness fixed. Specifically, (GaSb) N (InAs) 10 and (GaSb) 10 (InAs) N with N ¼ 2-10 were considered. The calculated band gaps for these structures are plotted in Fig. 2(a) , and the respective CBM and VBM energy levels appear in Fig. 2(b) with respect to the bulk GaSb VBM. As shown in Fig. 2(a) , starting from N ¼ 10 and reducing the monolayer number N leads to an increase in bandgap, which is more effective by changing the InAs rather than GaSb layer thicknesses. The contrast variation in the two cases is because of that for the former case the electron confinement energy of the InAs layer thickness is changed, whereas for the latter case the hole confinement energy of the GaSb layer is varied, and the electron effective mass is much lower than the hole effective mass. The shifts of the band edges in Fig. 2(b) reflect the changes in band alignment with varying a layer thickness. The trends can be qualitatively understood in terms of the change in quantum confinement for the electron and hole. Our calculated band gap for (GaSb) 10 (InAs) 10 is 229 meV, which is very close to the available experimental results: $240 meV, 13 230 meV, 31, 32 and $220 meV. 33 The band gap of a similar structure, (GaSb) 10 /(InSb) 1 /(InAs) 10 , was predicted to be 216.8 meV by a kÁp method 9 and 170.7 meV by the empirical "scissor" corrected selfconsistent calculation. 15 These comparisons again confirm the high accuracy of our approach.
When keeping N GaSb ¼ 10 and changing N InAs from 2 to 10, we found that the bandgap decreases from 644 meV to 229 meV or a 415 meV reduction. This decrease in bandgap is primarily due to the lowering of CB1 by 388 meV. Our finding is qualitatively consistent to that of a previous ETBM calculation 6 with a sp 3 s* basis. However, when N InAs is kept at a constant of 10 while N GaSb is increased from 2 to 10, the reduced magnitudes in CB1 and VB1 are comparable, and their differences lead to smaller band gap changes, an overall 66 meV changes. The sensitivity of the CBM to the InAs layer thickness is important for achieving a semiconductor-to-semimetal phase transition and studying related quantum spin Hall and topological insulating effects, although in this study, our focus is on structures that behave like a direct bandgap semiconductor intended for IR detection.
Third, we examined the unique interfacial effects associated with the no-common-atom superlattice like GaSb/InAs as opposed to with-common-atom superlattices like GaAs/AlAs. There are three possible interfacial arrangements that can, in principle, be realized and controlled by adjusting the growth conditions, assuming that the interfaces are idealistic (i.e., no interlayer mixing). We used the (GaSb) 8 /(InAs) 8 structure to illustrate the variations. Its formula (GaSb) 8 /(InAs) 8 implicitly implies the co-existence of one interfacial monolayer of GaAs and one interfacial monolayer of InSb at the interfaces of one superlattice period, which is commonly referred to as a "neutral" structure. One variation is to remove the GaAs monolayer by growing (GaSb) 8 /(InSb) 1 /(InAs) 7 , which is referred to as a "heavy" interface structure. The other variation is to remove the InSb monolayer by growing (GaSb) 7 / (GaAs) 1 /(InAs) 8 , which is referred to as a "light" interface structure. The bandgaps of three structures are found to vary slightly: 305 meV ("neutral"), 292 meV ("heavy"), and 358 meV ("light"). However, there are some interesting changes in the wave-functions of the different sub-bands, as shown in Fig. 3 for the in-plane averaged wave-function square along the [001] direction for a few important band edge states: the first and second valence sub-bands (VB1 and VB2), the first conduction sub-band (CB1), and the interfacial state localized at the GaAs interfacial layer (CB GaAs ). As expected, CB1 tends to localize in the InAs layer but with some leakage into the GaSb layer. VB1 is mostly localized in the GaSb layer, which explains the two well-known limitations of the T2SL: (1) the absorption strength near the fundamental band edge, corresponding to VB1-CB1 transition, is expected to be much weaker (as shown experimentally 31 ) than that in a direct bandgap bulk material or type I superlattice, and (2) the vertical transport, for the hole state in particular, is limited. 16 An alternative device geometry based on a core-shell nanowire array could, in principle, alleviate these two shortcomings by increasing the interface area, improving carrier separations, and changing transport direction. 34 The interfaces effects on the band edge states can be summarized as follows: CB1 avoids the InSb interface and prefers the GaAs interface, whereas the opposite is true for VB1, as shown for the "neutral" structure. Therefore, CB1 experiences greater confinement to the center of the InAs region with two InSb interfaces (the "heavy" structure), and is less confined with two GaAs interfaces (the "light" structure). In contrast, VB1 demonstrated greater confinement to the GaSb region with two GaAs interfaces present, and was more spread out with two InSb interfaces. These findings are qualitatively similar to those of the EPM study.
14 For VB1, the computational results can be qualitatively understood by considering the relative band alignments among the related materials: the InSb (GaAs) VBM is higher (lower) than for GaSb. However, CB1 is counterintuitive, since the CBMs for both GaAs and GaSb are substantially higher than for InAs, 35 although the inplane tensile strain might significantly lower the GaAs state. We have further identified a resonant conduction band state (at 0.640 eV in (GaSb) 8 (InAs) 8 and 0.698 eV in (GaSb) 7 -GaAs-(InAs) 8 above their respective CB1) that is strongly localized at the GaAs interface(s), hereafter referred to as the GaAs interface state, which does not exist in the (Ga-Sb) 8 In-Sb-(InAs) 7 structure.
IV. STRAIN EFFECT
We examined the strain effects due to the lattice mismatch between GaSb and InAs when grown on GaSb substrate using the parameters of a real sample (21 Å GaSb)/ (44 Å InAs) obtained from readily available experimental data. 10, 22 The in-plane lattice parameter is assumed to be the optimized bulk GaSb lattice constant of 6.043 Å (0.7% lower than the experimental value of 6.0875 Å ). The optimized bulk lattice parameter of InAs is 6.020 Å (0.6% lower than the experimental value of 6.0583 Å ). The InAs layers are assumed to be coherently strained to the GaSb substrate. The structure is simulated by a (GaSb) 7 /(InAs) 15 supercell, which is closest structurally to a real sample. The structure has an optimized period of 66.0 Å along the superlattice axis compared to the unrelaxed period of 66.30 Å . The averaged lattice constant along the superlattice axis is predicted to be 0.7% smaller than that of GaSb substrate, whereas the experimental result was found to be À0.26%. 22 This discrepancy is most likely due to the fact that the calculation assumes abrupt interfaces but the real structure has been shown to exhibit rather strong inter-layer diffusion. 22 Nevertheless, the calculated bandgap of 0.142 eV is reasonably close to the estimated value of 0.130 eV obtained from a PL measurement. 10 
V. CONCLUSIONS
We have applied a band-gap corrected DFT-LDA approach to investigate the electronic structure and strain effects in GaSb/InAs T2SLs. This method can yield more accurate superlattice bandgaps by varying the structural parameters, compared with experimental data than non-selfconsistent atomistic methods. The interfacial effects associated with the no-common-atom superlattice structure are studied. The conduction band edge is found to avoid the InSb interface and to prefer the GaAs interface, whereas the opposite is true for the valence band edge. An interface state localized at the GaAs interface is found to be in resonance with the conduction band. The lattice strain is calculated assuming abrupt interfaces, and comparison with the experimental data indicates that it is necessary to account for the interlayer atomic diffusion. Although the interlayer diffusion may not strongly affect the lowest bandgap, it could have a significant effect for high subbands. These calculated bandgaps show larger deviations from the experimental data.
